Abstract Purpose: To improve the efficacy and reduce the gastrointestinal toxicity of the cancer prodrug, CPT-11, we have developed immunoconjugates of its active form, SN-38, and an anti-CEACAM5 antibody for targeted chemotherapy. Experimental Design: SN-38 conjugates of the anti-CEACAM5 monoclonal antibody, labetuzumab , varying in the nature of the cross-linker attachment at the drug's 20-hydroxyl position, were evaluated in vitro, in metastatic and/or s.c. human colonic and pancreatic cancer xenografts in nude mice using appropriate controls, and in a CEACAM5-negative tumor model. Results: A pilot study in a s.c. LS174T model of human colonic carcinoma established the relative effectiveness of different conjugates. In the lung metastatic model of GW-39 human colonic carcinoma in nude mice, therapy with two specific labetuzumab-SN-38 conjugates, using 0.25 mg SN-38 equivalent/kg, q4d × 8, significantly extended median survival time versus controls (P < 0.002). In an expanded evaluation in the s.c. LS174T xenograft model, specific SN-38 conjugates produced significant tumor growth control and increases in median survival time versus other controls, including CPT-11 at a 33-fold greater cumulative dose (P < 0.01). An improvement was also observed in the therapy of a s.c. human pancreatic tumor xenograft. In a CEACAM5-negative systemic lymphoma xenograft, one labetuzumab-SN-38 conjugate examined was ineffective, whereas the conjugate specific for the tumor model produced 100% survival. Conclusions: The promising labetuzumab-SN-38 conjugates developed showed selective therapeutic efficacy in human tumor models at nontoxic doses that were a fraction of the CPT-11 doses used. (Clin Cancer Res 2009;15(19):6052-61) CPT-11 (irinotecan) is a water-soluble prodrug in clinical use for the treatment of metastatic colorectal cancer, and is also clinically active in lung, cervical, and ovarian cancers (1, 2). It is additionally used in combination therapies with other cancer drugs and biological agents. CPT-11 is converted by human carboxylesterase in vivo to its active form, SN-38, which is more potent by two to three orders of magnitude (3). Both CPT-11 and SN-38 belong to the camptothecin (CPT) group of antitumor compounds that inhibit topoisomerase I by stabilizing the DNA-topo I complex (4-6). Structures are shown in Fig. 1 .
CPT-11 (irinotecan) is a water-soluble prodrug in clinical use
for the treatment of metastatic colorectal cancer, and is also clinically active in lung, cervical, and ovarian cancers (1, 2) . It is additionally used in combination therapies with other cancer drugs and biological agents. CPT-11 is converted by human carboxylesterase in vivo to its active form, SN-38, which is more potent by two to three orders of magnitude (3) . Both CPT-11 and SN-38 belong to the camptothecin (CPT) group of antitumor compounds that inhibit topoisomerase I by stabilizing the DNA-topo I complex (4) (5) (6) . Structures are shown in Fig. 1 .
The in vivo conversion to the active drug is not efficient (7) . Furthermore, SN-38 is converted to its glucuronide, SN-38G, in a detoxification mechanism, and is reconverted back to the active drug by intestinal glucuronidase, thereby causing severe delayed diarrhea (8) . In addition, CPT-11 and SN-38 undergo lactone (E-ring)-opening in vivo, with the open carboxylate form further stabilized by complexation with human serum albumin. Because the carboxylate form has only 10% of the drug activity as the intact lactone form, this in vivo lactone opening diminishes drug potency (9, 10) . CPT-11 also undergoes oxidative transformations mediated by cytochrome P450, and the metabolites are poorer substrates than CPT-11 itself for carboxylesterase-mediated conversion to SN-38 (11) . Many of these processes are also patient dependent. Pharmacokinetics and complex in vivo metabolism of CPT-11 and SN-38 cause reduced bioavailability of the active drug and also result in unpredictable toxicity. Several approaches have been reported making use of polymers, polymeric micelles, or liposomes as carriers of SN-38 and other CPT derivatives for protracted release of the active drug or for passive targeting to tumor sites (12) (13) (14) (15) (16) (17) .
The goal of this work has been to design a monoclonal antibody (mAb)-SN-38 approach to increase the drug's efficacy, and reduce its toxicity, in cancer therapy. In this article, we describe the application of this concept to the therapy of metastatic and/ or s.c. xenografts of human colonic and pancreatic carcinomas in nude mice. The humanized antibody in these studies, labetuzumab (hMN-14; ref. 18) , targets carcinoembryonic antigen cell adhesion molecule 5, CEACAM5 (CEA, CD66e), which is expressed on a majority of solid tumors. It has been examined in a number of cancer therapy trials (19, 20) . The labetuzumab-SN-38 immunoconjugates thus constitute clinically validated mAb and drug components. The synthesis of relevant bifunctional SN-38 substrates, as well as the procedure for antibody conjugation, has been published recently (21) .
We further describe comparative in vivo antitumor effects of the labetuzumab conjugates derived from four bifunctional SN-38 derivatives [CL1-SN-38, CL2-SN-38, CL2-SN-38(Et), and CL3-SN-38], which identified the most promising conjugates. Furthermore, we show that the specific conjugates produce therapeutic efficacies in human colonic and pancreatic carcinoma xenografts in nude mice, at nontoxic doses, which are a fraction of the CPT-11 doses used. Finally, one labetuzumab-SN-38 conjugate is shown to be ineffective in a CEACAM5-negative systemic human lymphoma model in which the targeting mAb-SN-38 conjugate produces cures.
Materials and Methods
Conjugates were prepared as described recently (21) . The mean SN-38/mAb molar substitutions were in the six to seven range. CPT-11 was purchased from Hospira, Inc., as a sterile solution in saline. Cell lines were obtained from the American Type Culture Collection and maintained in RPMI 1640 supplemented with fetal bovine serum (10%) and L-glutamine, MEM nonessential amino acids, and sodium pyruvate. The cells were routinely tested for Mycoplasma contamination using the Myco Tect kit (Life Technologies, Invitrogen Corp.). Seven-week-old nude mice and severe combined immunodeficient (SCID) mice were obtained from Taconic Farms, and used after 1 wk of quarantine.
In vitro studies Stabilities, cell-binding assays, and cytotoxicity assays have been described elsewhere (21) . Determinations of conjugate stability in mouse serum were done by the method we reported previously (21) .
In vivo studies General. All animal experiments were done under approved Institutional Animal Care and Use Committee protocols. Eightweek-old female athymic nude mice and female CB17 SCID mice were used for in vivo therapy studies. In the s.c. LS174T model, mice were injected with 1 × 10 7 LS174T human colonic adenocarcinoma cells as a 0.2-mL suspension in RPMI. In the lung metastatic model of colon carcinoma, animals were injected i.v. with 30 μL of a 10% (w/v) tumor suspension of the GW-39 human adenocarcinoma (22) , and the treatment was started 14 d later. In therapy experiments, conjugates and saline were administered i.p., except that CPT-11 was administered i.v. In the CaPan 1 human pancreatic carcinoma model, 0.2 mL of a 20% w/v tumor suspension in HBSS was injected s.c. in the left or right flanks of nude mice, and the study was started once the tumors reached approximately 0.1 to 0.2 cm 3 in size. Animals were monitored daily for signs of distress (e.g., labored breathing, moribund), weighed weekly, and humanely sacrificed when moribund, body weight loss was ≥20%, tumor volumes reached 2 cm 3 , or at study termination. Tumor size was monitored by weekly caliper measurements of length and width of the tumor. Tumor volume was calculated as (L × W 2 )/2. Therapy studies. All doses are expressed in terms of drug equivalents. A dose of 0.20 to 0.23 mg of conjugated SN-38/kg, for a drug/ mAb substitution in the range of six to seven, corresponds to the protein dose of 12.5 mg/kg.
A pilot therapy experiment in the LS174T model (n = 5) was conducted to compare the therapeutic efficacies of the labetuzumab conjugates of CL1-SN-38, CL2-SN-38, and CL3-SN-38, and to make an initial selection. The conjugates were given at 0.18 to 0.23 mg of SN-38 equivalent/kg at a schedule of q4d × 4.
For therapeutic evaluation in the lung metastatic model of GW-39 human colon carcinoma, groups of animals (n = 7-10) were administered 0.22 to 0.25 mg SN-38 equivalent/kg of the specific labetuzumab-CL1-SN-38 and labetuzumab-CL2-SN-38 conjugates, nontargeting immunoconjugates of anti-CD22 mAb, hLL2 (hLL2-CL1-SN-38, hLL2-CL2-SN-38), or equivalent amounts of naked labetuzumab plus free SN-38 as in the specific conjugates, at a dose schedule of q4d × 8. Treatments with lower doses of specific conjugates, using 0.045 and 0.1 mg of SN-38 equivalent/kg, q4d × 8, were also conducted. There was also a saline control group.
In an expanded therapy experiment in the LS174T model, therapy was started 1 d after tumor cell injection. Groups of mice (n = 8) were treated with the specific conjugates, labetuzumab-CL2-SN-38 or labetuzumab-CL2-SN-38(Et), at either 0.43 or 0.09 mg SN-38 equivalent/kg at a schedule of q4d × 8; respective control hLL2 conjugates at 0.43 mg SN-38 equivalent/kg, q4d × 8; mixture of labetuzumab and SN-38 with protein and drug doses corresponding to the higher dose of the specific conjugate, q4d × 8; maximum tolerated dose (MTD) of CPT-11 at 40 mg/kg (23 mg SN-38 equivalent/kg), q2d × 5; CPT-11 at 30 mg/kg (17.25 mg SN-38 equivalent/kg), q4d × 8; or saline. Therapy was also evaluated 9 d after tumor cell injection, when tumors reached ∼0.2 cm 3 in size (n = 4-8). In this, specific labetuzumab or control hLL2 conjugates of CL2-SN-38 or CL2-SN-38(Et) or CPT-11 were given at 0.19 mg of SN-38 equivalent/kg, at two courses of q1d × 5, with 2 d of rest between courses. CPT-11 was also administered in one group of animals at the same schedule, but at a 10× higher SN-38 equivalent dose. There was a saline control group.
In the CaPan 1 study, tumor-bearing nude mice were treated with labetuzumab-CL2-SN-38 at 0.375 mg SN-38 equiv/kg, q4d × 8. Control groups were administered, at the same dose schedule, saline or a mixture of labetuzumab and SN-38. In the latter, protein and drug doses matched that in the conjugate.
Translational Relevance
We report that by covalently combining the CEA-CAM5-targeting humanized antibody, labetuzumab, with the active drug form of the cancer prodrug, CPT-11, therapy of human colonic and pancreatic cancer xenografts can be achieved at essentially nontoxic equivalent doses of the active drug, SN-38. The antibody has been extensively tested clinically, and is potentially useful for targeted drug therapy of a majority of solid cancers that overexpress the target antigen. The clinical pharmacology and metabolism of both CPT-11 and SN-38 are well established. Targeted therapy with the labetuzumab-SN-38 conjugate could enhance the bioavailability as well as the safety profile of the potent topoisomerase I inhibitor, SN-38. Selective therapeutic efficacies of labetuzumab-SN-38 conjugates, observed in s.c. and metastatic tumor models, may translate into a useful addition in the clinical management of CEACAM5-expressing cancers.
For evaluation in a CEACAM5-negative tumor model, groups of SCID mice (n = 6) were injected i.v. with 5 × 10 6 NAMALWA human lymphoma cells, and the therapy was started the following day. The test articles consisted of the specific humanized anti-CD74 mAb, hLL1 (milatuzumab; Immunomedics, Inc.); the conjugate, hLL1-CL2-SN-38; CPT-11; labetuzumab-CL2-SN-38; and saline. The immunoconjugates were administered at 0.35 to 0.44 mg of SN-38 equivalent/kg, q4d × 8, and CPT-11 was given at 6.5 mg/kg (3.76 mg SN-38 equivalent/kg), q4d × 8. Unmodified hLL1 was given at 25 mg/kg, q4d × 8, to match the protein dose of the conjugate. The end point was the onset of hind-leg paralysis.
Statistical considerations. Analyses for the tumor growth data were based on area under the curve (AUC) and survival time. Profiles of individual tumor growth were obtained through linear curve modeling. An f test was used to determine equality of variance between groups before statistical analysis of growth curves. A onetailed t test was used to assess statistical significance between any individual treatment group and saline group. Two-tailed t test analysis was used for comparisons between the treatment groups. As a consequence of incompleteness of the growth curves due to deaths, statistical comparisons of AUC were only done up to the time at which the first animal within a group was sacrificed. Survival studies were analyzed using Kaplan-Meier plots (log-rank analysis), using Prism software package (GraphPad Software, Inc.). The animals were monitored for up to two to four times the median survival duration of untreated controls.
Results
Bifunctional SN-38 derivatives. The structures of four different bifunctional SN-38 derivatives, 3 to 6, with maleimide as the antibody-conjugating group, are shown in Fig. 1 . Three of these [CL2, CL2(Et) and CL3] share common features, namely: (a) a defined polyethylene glycol moiety introduced for water solubility, (b) the presence of a triazoline group resulting from an azide-acetylene cycloaddition strategy in the design, (c) the presence of a cathepsin-B-cleavable dipeptide, Phe-Lys, together with a collapsible p-aminobenzyl alcohol moiety, and (d) the attachment to 20-hydroxyl of SN-38 via a carbonate bond [CL2, CL2(Et)] or a glycinate bond (CL3). CL1 is similar to CL3, except for the absence of the Phe-Lys peptide and the p-aminobenzyl alcohol moiety. The common cleavable bond in these is the carbonate or the ester bond at the 20 position, with additional cleavable peptide incorporated in three of the substrates.
Conjugates. Conjugates were prepared by first reducing the antibodies to generate thiol groups, followed by coupling to maleimide-appended SN-38 derivatives (21) . Data relevant to the conjugates are given in Table 1 . In vitro bindings in two colon carcinoma cell lines show that the Kd for the conjugates are similar to that of unmodified labetuzumab. The IC 50 values for the conjugates, in the LoVo colon cancer cell line, were 2-to 4-fold higher than for SN-38. The table also details the sizeexclusion high-performance liquid chromatography (HPLC) retention times. Interestingly, the labetuzumab-CL2-SN-38(Et) conjugate eluted >1 minute faster on size-exclusion HPLC and its retention time suggested that it was possibly a noncovalent dimer. This form of the conjugate also exhibited an enhanced stability in vitro (Table 1) .
Pilot experiment in s.c. LS174T model. In an initial exploratory therapy study, labetuzumab conjugates of CL1-SN-38, CL2-SN-38, and CL3-SN-38 were compared in the s.c. LS174T human tumor xenograft in nude mice ( Fig. 2A) to make a preliminary selection. In this aggressive model, all untreated mice succumbed by day 21. On day 19, the mean tumor volume of animals receiving labetuzumab-SN-38 conjugates containing CL1, CL2, and CL3 linkers were 200%, 75%, and 400%, respectively, of the corresponding mean tumor volume on day 5. Relative efficacies of the conjugates in controlling tumor growth were in the following order: labetuzumab-CL2-SN-38 > labetuzumab-CL1-SN-38 > labetuzumab-CL3-SN-38.
Lung metastatic model of GW-39 human colon carcinoma. Therapeutic efficacies of CL1-linked and CL2-linked conjugates of specific and control mAbs, as well as other controls, were examined in a lung metastatic model of GW-39 human colon carcinoma in nude mice (Fig. 2B) . Mean survival time (MST) for various treatments, together with statistical significance of differences in treatment outcomes, is given in Table 2A . Specific labetuzumab conjugates of CL1-SN-38 and CL2-SN-38 at the highest doses showed a significant survival advantage versus equidoses of respective control conjugates of an anti-CD22 mAb, epratuzumab or hLL2 (Immunomedics, Inc.), hLL2-CL1-SN-38 and hLL2-CL2-SN-38, or a mixture of labetuzumab and SN-38, or saline. In addition, the specific conjugates were more efficacious than the conjugates administered at 40% and 20% of the highest doses (data not shown). Lastly, labetuzumab-CL2-SN-38 was more potent than labetuzumab-CL1-SN-38.
Expanded study in the s.c. model of LS174T human colon carcinoma. Having established that labetuzumab-CL2-SN-38 was the best of the CL1-, CL2-, and CL3-linked conjugates, it was further evaluated in the s.c. LS174T model using various controls. At this stage, it was discovered that a variant of CL2-SN-38, namely CL2-SN-38(Et) with an ethyl carbonate group at the 10 position of SN-38, produced a conjugate with an enhanced in vitro stability (Table 1) . We therefore evaluated the labetuzumab-CL2-SN-38(Et) conjugate alongside the parental CL2-SN-38 conjugate in the s.c. LS174T tumor model in nude mice, 1 day after tumor cell injection in nude mice. Tumor growth control data are given in Fig. 3A and B, survival data are shown in Fig. 3C , and the differences among various treatments are displayed in Table 2B . Specific labetuzumab-SN-38 conjugates were significantly better than the two CPT-11 dose schedules and the respective control hLL2-SN-38 conjugates in tumor growth inhibition. Treatments with specific conjugates were superior, in MST, to the MTD dose of CPT-11, equidoses of labetuzumab and SN-38, and untreated controls. In addition, the "Et" version of the specific conjugate produced a significant survival advantage over a lower dose regimen (data not shown) and the control hLL2 conjugate. In this model, there was no significant difference in the two specific conjugates in controlling tumor growth or extending survival. Figure 3D gives the weights for the treatment groups receiving the highest doses of the specific conjugates, CPT-11 administered at two different schedules, and the saline controls. Animals treated with specific conjugates continued to gain weight at a rate similar to the untreated group, whereas with the MTD dose of CPT-11, there was an initial loss of 3% in body weight by day 11, followed by recovery. In the CPT-11 treatment group receiving the same dose schedule as conjugates, there was a gradual weight loss from day 7 onwards, reaching as much as ∼9% by day 28, compared with weight gain of 7% to 16% in other groups. This suggested that there was some toxicity associated with the CPT-11 treatment, whereas the immunoconjugate therapy was essentially nontoxic.
Therapy was also examined 9 days after s.c. tumor cell injection, when the mean tumor volumes reached 0.2 cm 3 . MST data are given in Fig. 3E and F. MST for the untreated control was 13 days. Specific conjugates labetuzumab-CL2-SN-38 and labetuzumab-CL2-SN-38(Et) significantly extended survival versus untreated or equidose CPT-11 treatment (P < 0.05). In this established model, tumors grew too rapidly to be contained by any therapeutic intervention. CaPan 1 pancreatic carcinoma model. CaPan 1 pancreatic cancer cell line is positive for CEACAM5. Therefore, the labetuzumab-CL2-SN-38 conjugate was evaluated in the therapy of s.c. CaPan 1 human tumor xenografts in nude mice. Data are shown in Fig. 4A and B. On the last day measurable (before any animal was sacrificed), the mean tumor volumes of the various groups were as follows: 0.684 ± 0.779 cm 3 on day 42 for the group receiving labetuzumab-CL2-SN-38; 0.935 ± 0.559 cm 3 on day 21 for the group treated with a mixture of labetuzumab and SN-38 containing the same protein and drug doses as in conjugate; and 1.871 ± 0.777 cm 3 on day 28 in the untreated group. MSTs in these treatments were 77, 42, and 28 days, respectively. Conjugated SN-38 was significantly better than untreated controls in extending survival (P = 0.0045).
Treatment in a CEACAM5-negative systemic lymphoma model in SCID mice. In SCID mice bearing systemic human lymphoma or multiple myeloma xenografts, a doxorubicin conjugate of an anti-CD74 mAb, hLL1(milatuzumab), had been shown previously to produce excellent cures at low doses of the conjugate (23, 24) . Figure 4C shows Kaplan-Meier survival plots generated in the therapy of SCID mice with systemic NAMALWA lymphoma. The specific mAb, hLL1, and its conjugate, hLL1-CL2-SN-38, were superior to saline, hMN-14-CL2-SN-38, and CPT-11 in extending survival (P < 0.0024), whereas the specific hLL1-SN-38 conjugate was more potent, with 100% cure rate, than the equivalent protein dose of naked hLL1 (P = 0.0006).
Discussion
With a view to enhancing the bioavailabilty of the potent topoisomerase I inhibitor, SN-38, in cancer therapy, we have designed and evaluated a number of antibody-SN-38 immunoconjugates for targeting xenograft models of human colonic and pancreatic carcinomas expressing the CEACAM5 antigen. Conjugates containing a carbonate bonding to SN-38, as well as a cathepsin-B-cleavable peptide in the linker, were identified as the best, based on in vivo studies. These products produced significant and selective therapeutic effects in metastatic and s.c. human colonic carcinoma xenografts in nude mice, compared with nontargeting control conjugates as well as CPT-11 used as a positive control, at doses that were nontoxic and a fraction of the CPT-11 doses. Antitumor effects were also observed in a human pancreatic tumor model.
A majority of carcinomas, encompassing gastrointestinal, respiratory, genitourinary, and breast cancers, overexpress the tumor antigen, CEACAM5 (25) (26) (27) (28) (29) . Therefore, this antigen has been a therapeutic target for radiolabeled and drug-or toxinconjugated anti-CEACAM5 mAbs. Labetuzumab, or the humanized MN-14 antibody, specifically targets the A3B3 epitope of CEACAM5, which is not shared with other members of the CEACAM family (30) . The role of CEACAM5 in tumor biology and tumor metastasis has been described (31) . Moreover, the role of the anti-CEACAM5 mAb, labetuzumab, in inhibiting cancer metastases when CEACAM5 expression is upregulated, and its role in augmenting the antitumor effects of chemotherapy in the treatment of human tumor xenograft models, have been described (31, 32) . Radioiodinated labetuzumab has been extensively investigated clinically in an adjuvant setting of colorectal cancer post salvage resection of liver metastases, with considerable improvement in survival reported (20) . CEACAM5 is traditionally considered noninternalizing, but a number of reports show that slow internalization of CEACAM5 and, with it, the targeted antibody, occurs due to membrane turnover (33) (34) (35) . Internalization and intracellular processing of labetuzumab on two colonic cancer cell lines in vitro also has been described (36) .
We originally examined the conjugates of a bifunctional derivative, designated CL-SN-38, but its continued exploration was hampered by poor yields in synthetic chemistry and poor protein recoveries in conjugate preparations, notwithstanding the therapeutic potential (37) . Subsequently, the conjugates were redesigned (21) . The therapeutic efficacy of these improved SN-38 conjugates is the subject of this article.
The conjugates maintained cell-binding to specific cell lines, and also exhibited potent cytotoxicities. The somewhat faster elution of labetuzumab-CL2-SN-38(Et) compared with the native mAb, on HPLC, seemed to suggest a dimeric form of the conjugate. Perhaps, in the putative noncovalent dimeric form, the carbonate group of the derivatized SN-38 is more shielded from hydrolytic cleavage, and perhaps this accounts for its increased in vitro stability.
In a pilot experiment in the aggressive s.c. LS174T tumor model, a preliminary selection was made among the labetuzumab conjugates of CL1-SN-38, CL2-SN-38, and CL3-SN-38. The CL3-linked conjugate was ruled out from further consideration. The in vivo efficacy data correlated with the relative cytotoxicities in vitro. Both CL1-and CL3-linked conjugates have the ester attachment to SN-38, but the latter differs in the structural features around the ester region and also exhibits ∼4-fold increased stability in vitro compared with the CL1-linked conjugate. Yet, the CL3 conjugate seems to be less efficacious than the CL1 conjugate. In the CL3 conjugate, the drug has the opportunity to be released as the glycinate ester intracellularly, if cleavage by cathepsin-B precedes ester cleavage. The glycinate ester, in turn, has the potential to abrogate drug activity by intramolecular lactone ring opening, in view of the favorable six-membered geometry. Such a situation does not exist with the CL1-linked conjugate. The therapeutic potential of the CL1-and CL2-linked conjugates was evaluated in the lung metastatic model of human colonic carcinoma. It is particularly relevant to examine experimental therapeutics in metastatic models of human cancer because, clinically, tumors do not generally present themselves as a bulky s.c. mass. A lung metastatic model GW-39 human colon carcinoma in nude mice has been described (22) , involving the formation of multiple tumor nodules throughout the lungs within 2 weeks of i.v. injection of a suspension of colonic cancer cells. Successful radioimmunotherapy of this metastatic tumor model has been also reported (22, 38) . In the present study, specific labetuzumab-CL1-SN-38 and labetuzumab-CL2-SN-38 conjugates were compared with nontargeting conjugates of anti-CD22 mAb, hLL2. An equidose mixture of labetuzumab and SN-38, corresponding to the doses in the specific conjugates, lower doses of specific conjugate, and saline controls were also Fig. 3 . Expanded study in the s.c. LS174T model of human colon carcinoma in nude mice with labetuzumab-CL2-SN-38 and its longer acting version, namely labetuzumab-CL2-SN-38(Et), with appropriate controls. A to D, therapy was started 1 d after s.c. injection of LS174T cells. Groups of animals (n = 8) were treated i.p. with specific labetuzumab or control hLL2 conjugates, each at 0.43 mg SN-38 equivalent/kg, q4d × 8; treated i.v. with CPT-11 using a MTD schedule of 40 mg/kg (23 mg SN-38 equivalent/kg), q2d × 5 (shaded circle, in B) or a lower dose of 30 mg/kg (17.25 mg SN-38 equivalent/kg) at the same dose schedule as for other test agents, namely q4d × 8 (solid circle, A); treated (i.p.) with a mixture of labetuzumab at 25 mg/kg and SN-38 at 0.43 mg/kg, q4d × 8; and saline, q4d × 8. Mean tumor volume versus time plots are shown in two separate panels, A and B, for clarity; C, Kaplan-Meier survival plots for all the treatments; D, percent weight gains in treatments with saline, specific conjugates, and CPT-11. E and F, Kaplan-Meier survival plots in a second therapy experiment that was started 9 d after LS174T tumor cell injection. Groups of animals (n = 4-7) were treated at a schedule of (q1d × 5) × 2, with 2 d of rest between courses, with specific labetuzumab conjugates of CL2-SN-38 and CL2-SN-38(Et), and the corresponding nontargeting conjugates of hLL2 mAb, each administered at 0.19 mg SN-38 equivalent/kg; CPT-11 given at 0.33 mg/kg (0.19 mg SN-38 equivalent/kg; shaded circle) or at a 10-fold higher dose of 3.25 mg/kg (1.9 mg SN-38 equivalent/kg; solid circle); and saline. The plots are given in two separate panels (E and F) for clarity.
included in the study. The specific conjugates proved to be significantly better than all controls. Of the two specific conjugates, the CL2-linked conjugate was significantly better than the CL1-linked conjugate in extending survival, consistent with a 3-fold better stability for the CL2 versus CL1 linker in vitro (Table 1) . This experiment suggested a clear choice of the conjugate, namely labetuzumab-CL2-SN-38, although the CL1-SN-38 conjugate itself was significantly better than the controls (Table 2A) .
In an expanded study in the s.c. LS174T model of human colon carcinoma, both labetuzumab-CL2-SN-38 and its longeracting Et version, labetuzumab-CL2-SN-38, were examined using appropriate controls including CPT-11. The study was done in two formats: either as a tumor outgrowth control study in which the conjugates and the control materials were administered 1 day after tumor cell administration, or in an established model after tumor volumes reached 0.2 cm 3 . In the first study, CPT-11 was administered either at a dose and a dose schedule stated to be the MTD (12) or at a 25% lower dose, but with the same dose schedule as for test conjugates. In the MTD schedule of CPT-11, the cumulative SN-38 equivalent dose was 33.4× greater than that in the conjugate. The specific conjugates produced a significantly better tumor growth control versus all control agents and a significantly prolonged median survival versus most controls (Table 2B ), but there was no significant difference in the efficacy of the two specific conjugates. When the therapy was started 9 days after tumor cell injection, treatment with specific conjugates showed a survival advantage (P < 0.05) versus nontreatment or treatment with an equivalent CPT-11 dose.
The advantage of the specific conjugate over the MTD dose of CPT-11 in controlling tumor outgrowth is more significant than the preclinical data suggest. This is because human carboxylesterase is inefficient in the conversion of CPT-11 to its active drug relative to carboxylesterase from animal species (7). Thus, the difference in the efficacies of the sub-MTD dose of the conjugate and the MTD dose of CPT-11 could be expected to be more pronounced in a clinical setting than in the preclinical tumor models. The MTDs of the specific conjugates have not been established yet. However, in one experiment, a bolus i.p. injection of 23.5 mg of conjugated SN-38/kg dose of labetuzumab-CL2-SN-38 in a nude mouse was nontoxic (data not shown). This dose was 6.8-to 13.6-fold higher than the cumulative conjugated SN-38 dose administered in the two therapy experiments described above. Volume limitations precluded a further increase in the bolus dose, but multiple administrations of the conjugate at 10-and 20-fold more cumulative dose than in the therapy experiment will be undertaken to determine toxicity and the therapeutic window.
The labetuzumab-CL2-SN-38 conjugate was also explored in the therapy of s.c. CaPan 1 human pancreatic adenocarcinoma in nude mice. The rationale for this stems from tumor targeting by the radioiodinated murine anti-CEACAM5 antibody, 131 I-MN-14, in the nude mouse model of CaPan 1 human pancreatic adenocarcinoma (39) . In that study, radiolabeled MN-14 was shown to deliver a dose to tumor that was 3-fold higher than dose to blood. A much higher dose was delivered to tumor by a radioiodinated anti-mucin mAb, 131 I-PAM4 (39), but the comparative study nonetheless provided the impetus to examine targeted therapy with labetuzumab-SN-38 in this tumor model, and the results showed that the labetuzumab-CL2-SN-38 conjugate was significantly better compared with saline controls in extending survival. We have also evaluated the therapeutic potential of SN-38 conjugates of the humanized anti-mucin mAb, hPAM4, and those results will be communicated elsewhere.
Specificity of efficacy was determined in a therapy experiment in the CEACAM5-negative NAMALWA human lymphoma tumor model (Fig. 4C ). This systemic model was not sensitive to CPT-11 therapy, because CPT-11 was only modestly effective. Nonetheless, the SN-38 conjugate of the specific anti-CD74 mAb, hLL1 (milatuzumab), produced 100% survival, thereby underscoring the significance of targeted therapy. An equivalent dose of nontargeting labetuzumab-CL2-SN-38 was much less effective, being only slightly better than the saline control.
The nonspecific hLL2-SN-38 conjugates described herein were found to be more effective than the saline control or an equidose mixture of specific mAb and SN-38. Similar nonspecific antitumor effects have been reported with other antibodydrug conjugates as well. For example, it has been shown that the CD33-targeted calicheamicin conjugate, hP67.6-AcButCalichDMH (gemtuzumab ozagamicin), as well as the calicheamicin conjugates of rituximab and the anti-CD22 mAb, G5/44, produced significant growth inhibition of 10 different CD33-negative tumor xenografts (40) . Passive targeting due to an enhanced permeation and retention effect was invoked to explain these results, which also might be operating to some extent in our experiments. It is also possible that low levels of CD22 expression can lead to the observed therapeutic effects, but this needs to be examined.
Although it is tenuous to compare the protein or the drug doses used for these preclinical therapeutic studies with those of other drug conjugates used in solid tumor models, in view of the differences in drugs, tumor models, doses, and dose schedules, such comparisons can be nonetheless informative. For example, auristatin E-conjugated antibodies were evaluated in LNCaP and CWR22 prostate models using 5 mg/kg of protein doses of the conjugates at a schedule of q4d × 6 or q4d × 12 (41) . In therapies in COLO 205, LoVo, and HT-29 models, the maytansinoid conjugate of murine C242 mAb, directed against CanAg antigen, was examined at 16 mg/kg of antibody doses at a schedule of q1d × 5 or (q1d × 5) × 2 (42) , and the dose was 59% to 79% of the stated MTD. The maytansinoid conjugate of humanized C242 has been examined clinically (43) . More recently, the trastuzumab-DM1 conjugate, designed with a more stable thioether linkage in place of a disulfide linkage, was evaluated preclinically in a HER2-positive breast cancer model (44) , with lower protein doses administered in view of an increased stability of the conjugate. The SN-38 conjugates reported herein are used at 12.5 to 25.0 mg/kg protein doses of the conjugates at a schedule of q4d × 8. In the preclinical therapy studies using PEG-SN-38 conjugates (12), the drug was used at its MTD to document therapeutic effects. Similarly, in the polymer micelle formulation of SN-38, the drug was used at the MTD dose or at 50% MTD dose to document significant antitumor effect in a vascular endothelial growth factor-secreting tumor model (13) . The SN-38 equivalent doses used with the present labetuzumab conjugates are 15-to 25-fold lower than with the polymer-SN-38 conjugates. The MTD has not been established yet for the hMN-14-SN-38 conjugates, but a 7 to 14× higher bolus dose than the cumulative dose used in the therapy experiments was seen to be nontoxic based on limited data. These considerations suggest that our labetuzumab-SN-38 immunoconjugates should prove of value in achieving enhanced bioavailability and reduced toxicity in the therapy of CEACAM5-expressing cancers. It is our intention to develop labetuzumab-CL2-SN-38 and labetuzumab-CL2-SN-38(Et) conjugates further for this purpose.
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